chemical sympathectomy on myocardial cell division in the newborn rat. Myocardial chemical sympathectomy was achieved by daily SC injection of 100 pg/g body weight of dOHdopamine to each of 239 Holtzman newborn rat pups for the first seven days of life.
Summary
chemical sympathectomy on myocardial cell division in the newborn rat. Myocardial chemical sympathectomy was achieved by daily SC injection of 100 pg/g body weight of dOHdopamine to each of 239 Holtzman newborn rat pups for the first seven days of life.
MATERIALS AND METHODS

Effective sympathectomy was verified by identifying a decrease in
Chemical sympathectomy was accomplished by the administraventricular myocardial norepinephrine concentrations to 31% 2 12 tion of 6-hydroxydopamine (6-OHD) to newborn rat pups. The S.E. of control at 20 days of age. Activity of DNA polymerase was activity of DNA polymerase in the ventricular homogenate was used to indicate the extent of myocardial cell division.
used to indicate the extent of ventricular myocardial cell division. Beginning at eight days of age, DNA polymerase activity was increased in the sympathectomized pups relative to control. The CHEMICAL SYMPATHECTOMY TECHNIQUE DNA polymerase activity was highest relative to control at 16 days (235% 2 31 S.E.) and remained elevated beyond 20 days A 481 HO1tzman W1) newborn rat pups were (188% + 30 of control). The DNA polymerase data was analyzed used in lhe There were 242 pups and 239 by covariance and was significantly greater in the 6-OHdopamine PUPS. A group four Or six pregnant rats was received every rat pups (P < 0.001).
other wk. Each group of litters had nearly the same birth date (within 24 hr), and the sizes of the litters were equalized by Speculation transferring pups from large to small litters. The litters from onehalf of each group were used for control, and the other one-half Myocardial cell division continues for 10 to 14 days after birth was used for the daily SC administration of 6-OHD (Sigma in the newborn animal of several species, and the cell division then Chemical Co., St. Louis, MO). For example, if one group consisted ceases by an unknown mechanism. Our findings are consistent of four litters, each pup from two litters was given an injection of with the hypothesis that this postnatal decrease in myocardial cell 0.1 ml of 0.001 N NaC1, and each pup from the other two litters division is related to the development of cardiac sympathetic nerve was given an injection at the same time with 0.1 ml of 6-OHD ingrowth. Because nerve ingrowth was inhibited after 6-OHdo-(100 yg/g body weight of 6-OHD dissolved in 0.001 N NaCI). pamine and increased myocardial cell division occurred, it appears Because of the rapid deactivation of dissolved 6-OHD, it was that sympathetic ingrowth indeed may play a key role in affecting administered to the pups within 5 min after dissolving. Injection myocardial cell division in the newborn animal.
was made into the loose skin of the nape within 24 hr after birth and repeated once daily for 7 days. These techniques were repeated for each of 22 groups of litters. The regulation of cardiac muscle cell division remains a complex
In both the control and experimental groups of rats, DNA problem (1, 6, 10, 16, 20, (24) (25) (26) . Studies in the rat have shown polymerase and ventricular norepinephrine assays were carried that myocardial cell division continues after birth, but gradually out at Cday intervals beginning at 4 days of age. Because of the decreases and reaches the adult stage of no further division by 3 small size of the pups and thus small ventricular homogenates wk of age (1, 20, 25, 26) . Investigators also have found that if the despite pooling, norepinephrine and DNA polymerase assays cardiovascular system of the newborn animal is stressed, e.g., by could not be determined in the same animals. Selection of pups altered nutrition (16) or anemia (24) , increased myocardial muscle was random for DNA polymerase assay (144 control and 138 6-cell hyperplasia may occur. However, in the adult animal, myo-OHD) and for the norepinephrine assay (98 control and 101 6-cardial muscle cell hypertrophy and connective tissue hyperplasia OHD). occur, but muscle cell hyperplasia has not been demonstrated (10, 24, 29) .
VENTRICULAR NOREPINEPHRINE ASSAY Inasmuch as it has been shown in several animal species that cardiac sympathetic nerve ingrowth is incomplete at birth (I 1-13.
Norepinephrine concentration in ventricular muscle was mea-22), the hypothesis has been proposed that the postnatal decrease sured by a modification of the spectrophotofluorometric procedure in myocardial cell division is associated with the development of of Chang (3). The homogenates from the control and 6-OHDthe cardiac adrenergic nervous system (6, 15) . The derivation of treated rats were assayed separately, but simultaneously so that the hypothesis was based on the results of animal investigations of results for each set of assays were expressed as a percentage of cardiac sympathetic nerve ingrowth combined with those from control. From 1 to 6 rats, trimmed ventricles (carefully excluding separate studies of the effects of sympathomimetic drugs on the atria, great arteries, and other nonventricular tissue) were myocardial cell division. To our knowledge, no investigators have pooled to obtained 150 to 500 mg of tissue. The ventricles were evaluated both the sympathetic nervous system and myocardial rinsed in cold 0.9% NaC1, minced, and homogenized in 10 volumes cell division in the same study.
cold acidified n-butyl alcohol (0.85 ml concentrated HCI per liter
It was the purpose of this study to determine the effect of butanol). The homogenate was centrifuged 10 min at 800 X g,
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and the supernatant was placed in screw-cap tubes with 5 ml block were counted to give the average number of labeled cardiac water and 5 to 8 ml n-heptane. After shaking 5 min, the tubes muscle cells and the average number of labeled cardiac nonmuscle were centrifuged 5 min in a tabletop centrifuge. The 5 ml aqueous cells. All counts were taken from tissue sections in which the phase was transferred to a clean tube containing 0.2 g alumina muscle fibers were oriented longitudinally, and the counts were (which had been treated according to Crout et al. (7) , and 1 ml of taken within precise, consecutive microscopic fields. 2 M sodium acetate was added. After the tubes were shaken and centrifuged, the supernatant was removed by aspiration, and 3 ml
ANALYSIS OF DATA AND STATISTICAL METHODS
of 0.1 M acetic acid were added to the alumina, followed by shaking and centrifugation. To 1 ml of supernatant was added 0.2 ml of EDTA reagent (37.2 g ethylenediaminetetraacetic acid per liter 1 M sodium acetate, pH 6.8 with NaOH). The pH was adjusted to 6.5. Then, 0.1 ml of 9.0 N iodine (0.125 g/ 10 ml absolute ethanol) was added, and after 2 min, the oxidation was stopped by 0.2 ml alkaline sulfite (2.5 g anhydrous sodium sulfite dissolved in 10 ml water; 1 ml of sodium sulfite diluted with 9 ml 5 N NaOH the day of use). After 2 min, 0.2 ml of 5 N acetic acid was added, adjusting the pH to 5.4.
Norepinephrine concentrations were determined by reading the fluorescence after 60 min (activation, 385 nm; emission, 485 nm). Tissue blanks, reagent blanks, and the norepinephrine standard were carried through the procedure along with the experimental samples.
DNA POLYMERASE ASSAY
The cytoplasmic DNA polymerase (6 to 8 s soluble) activity was assayed according to the method of Doyle et al. (9) , and Claywmb (5). Immediately after the pups were decapitated, the ventricles were rapidly trimmed (carefully excluding the atria, great arteries, and other nonventricular tissue), minced, and washed in ice-cold 0.9% NaCl solution. Ventricles were pooled to obtained 150 to 500 mg of tissue (one to six rats, depending on size and age). In a given group, ventricular homogenates from control pups were kept separate from those from age-matched 6-OHD pups but assayed simultaneously on a given day. Denatured calf thymus DNA (Sigma Chemical Co.) was used as the primer template.
Protein content of the supernatant was estimated by the procedure of Lowry er al. (23) . Results of the activity of the DNA polymerase (in triplicate for each of the control and 6-OHD determinations) were corrected for zero time controls, averaged, and expressed as cpm/mg protein.
AUTORADIOGRAPHY
To confirm that changes in DNA polymerase activity reflected cardiac muscle cell division, light microscopic autoradiography was performed on six pups (one 6-OHD and one control at 2, 10, and 21 days of age). Four hr after SC injection of 50 pCi of [3H] thymidine per g body weight, the 2-and 10-day-old rats were sacrificed by decapitation. Four hr after the first injection, the 21-day-old rats were given a second equal injection of [3H]thymidine and sacrificed 2 hr later. Immediately after decapitation, the.heart was exposed by thoracotomy and given an injection of 4% paraformaldehyde:5% glutaraldehyde in phosphate buffer (pH 7.5) according to Karnovsky (19) . Strips of left ventricle and papillary muscle were pinned in the same solution for 45 to 60 min. The tissue was minced into one-mm cubes and placed in fresh futative for 90 min, rinsed 1 hr in buffer, postfuted 90 min in I% osmium tetroxide in phosphate buffer (pH 7.5), dehydrated in ethanol, and oriented and embedded in Epon in flat silastic molds. Half-pm sections were cut with a glass knife and coated with Ilford L4 Emulsion [after the method of Caro and van Tubergen (2)]. Slides were refrigerated in a light-proof box for 5 to 10 wk. Sections were developed in Kodak D 19 for 4 rnin at 20°C, rinsed in water, futed for 4 min in fdtered rapid fut, washed three times for 10 min, strained with 1% methylene blue and 1% azure I1 in 1% sodium borate, and viewed by brightfield microscopy.
The number of radioactively labeled nuclei for the cardiac muscle cells were compared to the number of labeled nuclei for the cardiac nonmuscle cells. Two blocks of tissue were selected at random for each pup and coded. Five to ten sections from each The date were grouped according to age (see "Results"). Inasmuch as the assays were done on different days over several wk involving different litters and probably slightly different wk-to-wk laboratory conditions, the data in each assay were averaged within each age interval.
Statistical analysis of the data was performed using a covariance analysis (27) . The dependent variable of interest in this study was the cpm/mg of protein. Covariance analysis was performed after logarithmic transformation of this quantity to compensate for a markedly asymmetrical distribution with skewness to the right. A second-degree polynomial regression model was applied such that the natural log of the cpm/mg of protein was assumed to be dependent on linear and quadratic functions of time following birth. To adjust for possible variability among litter groups, membership in either a treatment or control category was also included in the model as a wvariate. This analytic approach was used to compare the radioactivity per mg of protein in the control and 6-OHD animals after adjustment for time following birth and possible variability among litter groups.
In an attempt to decrease some of the uncontrolled variability of the cpm/mg of protein, this variable also was examined in the 6-OHD animals as a percentage of the corresponding variable for wntrol animals studied at the same time and under identical circumstances.
RESULTS
~
VERIFICATION OF SYMPATHECTOMY
I
The ventricular norepinephrine concentrations in the 6-OHD rats were expressed as fluorescence per mg of heart weight and then as percentage of control. As age of the rats increased, a decrease in the ventricular norepinephrine levels relative to control occurred in the 6-OHD rats (Fig. 1) . At 8 days of age, the mean value of ventricular norepinephrine in the 6-OHD rats was 44.9% f 7.6 (mean f S.E.) of control. The nadir of ventricular norepinephrine (30.9% * 11.7) relative to control was at 20 days of age.
DNA POLYMERASE ACTIVITY
~
The DNA polymerase activity of the 6-OHD-treated rats was ' Median values for DNA polymerase activity for 6-OHD rats and wntrol rats are plotted vesus age in days. The DNA polymerase activity decreased in both 6-OHD and control rats; however, beyond 13 days of age, the decrease is delayed in the syrnpathectomized rats. (Fig. 1) . After 16 days, the DNA polymerase activity decreased compared to control, but remained greater than control after 20 days (188.0% f 29.8) .
The median value of absolute DNA polymerase activity is plotted with the respective ages in Figure 2 . Although the DNA polymerase activity decreased in both groups, beyond 13 days of age the decrease in the values for the 6-OHD rats was delayed. Because the two curves in Figure 2 were obtained from data of different animals, it was not strictly appropriate to compare the control and treated animals using paired statistical comparisons, even though some rats were studied on the same day and in the same manner and might be considered to be controls for the 6-OHD-treated rats studied under identical circumstances. Therefore, no attempt is made on the basis of this type of data presentation to provide a statistical comparison of the two curves in Figure 2 .
When the absolute data were analyzed using analysis of covariance, the DNA polymerase activity from the 6-OHD rats was significantly higher than the control. The adjusted log, DNA polymerase activity in the 6-OHD-sympathectomized rats was 8.21 f 0.58 (mean f S.D.) compared to 7.8 f 0.59 (P < 0.001).
AUTORADIOGRAPHY
The results of the autoradiography showed the confirmatory finding that DNA polymerase activity reflected cardiac muscle cell division. At each age and in each control and each 6-OHD rat, the labeled (thus actively dividing) cardiac muscle cells comprised almost all of the total labeled cells (Fig. 3) .
DISCUSSION
In the 6-OHD rats, the temporal occurrence of the decreased presence of ventricular sympathetic innervation (decreased norepinephrine levels) with the increased DNA polymerase activity relative to control supports the hypothesis that myocardial cell division and sympathetic nerve ingrowth are linked. DNA polymerase has been found to accurately reflect myocardial cell proliferative activity (6, 9, 10) . Cardiac DNA polymerase activity not only has been characterized (5), but this enzyme as well as another myocardial replicative enzyme, thymidine kinase, have correlated with [3H]thymidine incorporation as an indicator of ventricular mitotic activity (5, 14) . Moreover, we have used autoradiography in this study to verify that DNA polymerase activity reflects cardiac muscle cell division in both the control and 6-OHDtreated rats.
We used chemical sympathectomy by 6-OH-dopamine in this study to determine the effect of ablating the sympathetic nervous system because 6-OHD has been shown clearly to destroy adreiergic neurons of newborn animals (21) . In some animal studies, the ventricular norepinephrine levels has decreased to 5% of control when the agent was administered IV (8, 17, 18) . Histochemical fluorescent techniques have verified that ventricular norepinephrine levels directly correlate with the extent of myocardial sympathetic nerves both in the nonsympathectomized animal and in the 6-OHD sympathectomized animal (8, 12) . Our finding that the 6-OHD rats had ventricular norepinephrine levels of 30 to 45% of wntrol after SC injection for the first 7 days of life is comparable to the work of dechamplain (8) who found that most of the sympathetic neurons were destroyed. That the norepinephrine levels were not as low as those in some 6-OHD rats studied (17) can be explained partly by the finding of deChamplain (8) and Clark er al. (4) that regeneration of the adrenergic nerves may occur in either adult or young rats who have been administered 6-OHD. In addition, because studies have shown that the catecholamine concentrations in the adrenal gland are not affected by 6-OHD-induced chemical sympathectomy (4, 21) , it is likely that some of the norepinephrine in 6-OHD rat ventricles is blood borne and of adrenal origin.
The studies of Gillette and Claycomb (15) and Claycomb (6) support the association of cardiac sympathetic nerve ingrowth with decreasing myocardial cell division. Although the sympathetic nervous systemper se was not manipulated in these studies, isoproterenol alone and in combination with theophylline was administered to rats. Using thymidine kinase activity and ["HI thymidine incorporation as indices of DNA synthesis, these investigators showed that isoproterenol and theophylline caused a dosedependent decrease in thymidine kinase activity and ["Hlthymidine incorporation in the newborn rat heart. The decrease occurred at an earlier age in the treated rats than in the controls, who normally showed a cessation of DNA synthesis activity at 15 to 21 days of age. These observations and the findings of other investigators that there is a normal postnatal increase in ventricular norepinephrine (i.e., ingrowth of adrenergic nerves) (1 1-13 ) have led to the hypothesis that cardiac sympathetic nerve ingrowth may play a role in the cessation of myocardial cell division. Inasmuch as inhibition of sympathetic nerve growth (chemical sympathectomy) resulted in increased indices of myocardial cell division in our study, the conclusion is further supported that adrenergic nerve ingrowth and cessation of myocardial cell division are associated.
Changes in beta-receptors probably are not related to cessation of myocyte division. Friedman (1 l), using infusion of norepinephrine and isoproterenol in sheep ventricular muscle strips together with cardiac sympathetic nerve studies in rabbits, lambs, and swine (which showed immature adrenergic nerve ingrowth at birth in each species) concluded that beta-receptors were intact in neonatal animals. The fact that the adrenergic nerves and not beta-receptors were destroyed by chemical sympathectomy probably explains in part why animals are not affected more severely by the sympathectomy. In addition, because the adrenal gland is not affected by 6-OHD, compensatory increases in their production of catecholamines could help maintain cardiac function. If adrenalectomy was accomplished along with sympathectomy, thus making sympathectomy more complete, myocardial cell division might continue longer.
In man, qrrelation of our findings are speculative because studies of sympathetic nerve ingrowth and cessation of myocardial cell division in humans have not been done to our knowledge. It is tempting to relate cardiac defects such as hypertrophic obstructive cardiomyopathy to abnormal development or activity of fetal/ newborn cardiac sympathetic growth. Witzhe and Kaye (28) induced hypertrophic cardiomyopathy by administering nerve growth factor to newborn puppies. Perhaps the increased adrenergic nerve growth caused a premature decrease in myocardial muscle cell division, yet an intense myocardial cell growth without hyperplasia ensued, leading to myofibrillar disarray and the other pathologic findings found in the puppies. Further speculation involves the fetal cardiac effects from maternal use of either sympathomimetic or antisympathomimetic drugs.
The control of myocardial cell division is an important but unsolved problem. An understanding of this problem would have implications in many aspects of cardiovascular science. The early stages of postnatal cardiac development offer an excellent opportunity to study the control of myocardial cell division. Although this investigation showed a relationship between the initial ingrowth of the sympathetic nervous system and the cessation of myocardial cell division, it is likely thai there are additional factors involved in the control of myocardial cell division.
